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In this issue of Cell, Panatier et al. (2006) show that D-serine released by astrocytes, a type 
of glial cell in the brain, promotes NMDA receptor activity at synapses in the hypothalamus. 
These results confirm that glial cells participate in synaptic signaling and show that they 
can dictate the tenor of synaptic plasticity.Neurons enjoy elite status in biol-
ogy as a diverse group of highly 
specialized cells composing the 
most sophisticated system in nature. 
Accordingly, any study of neurons 
is granted an exclusive prefix, lest 
the nobility of neuroanatomy, neu-
rochemistry, or neurophysiology be 
underestimated. The rich complexity 
of neurons has attracted even math-
ematicians and physicists, perhaps 
precipitating the replacement of 
neurobiology in our lexicon with the 
more expansive term, neuroscience. 
Glial cells, by comparison, have never 
commanded the same respect, even 
though they far outnumber neurons in 
the brain and play crucial roles in the 
development, function, and health 
of the nervous system. Glia—nonex-
citable cells that possess extensive 
processes but lack axons and den-
drites—have yet to shed completely 
their historical stigma as caretak-
ers of the central nervous system. 
Their primary tasks are still viewed 
by many as sweeping the extracel-
lular milieu free of excess potassium, 
neurotransmitter, and cellular debris 
or wrapping axons with insulating 
lipid to facilitate conduction of nerve 
impulses. Only during the last dec-
ade have a cadre of “glioscientists” 
argued that glial cells, particularly 
astrocytes, actively contribute to sig-
naling and information processing in 
the brain (Haydon, 2001).
Similarly, D-serine has received 
short shrift in the field of molecular 
neuroscience. Whereas L-serine, its 
ubiquitous racemate and metabolic precursor, is chauffeured like royalty 
into polypeptides by monogrammed 
transfer RNAs and then festooned 
with phosphates by attendant 
kinases, D-serine has toiled in relative 
obscurity, believed for many years to 
be important only in bacteria. Even its 
nomination as a potential neurotrans-
mitter in the mammalian brain that 
targets the NMDA receptor (Schell 
et al., 1995)—a crucial component of 
synaptic transmission, plasticity, and 
excitotoxicity—has been tarnished 
by a series of misunderstandings. 
First, the NMDA receptor typically is 
considered a receptor for glutamate, 
the most prevalent excitatory neu-
rotransmitter in the central nervous 
system. Then, when it was learned 
that NMDA receptors require a co-
agonist to bind along with glutamate 
to open an intrinsic ion-permeable 
pore (Johnson and Ascher, 1987), the 
role initially was assigned to glycine, 
an inhibitory neurotransmitter in the 
brain stem, spinal cord, and retina. 
This was despite the fact that D-ser-
ine acts at least as well at the bind-
ing site and colocalizes more closely 
with NMDA receptors in most parts 
of the brain (Danysz and Parsons, 
1998; Schell et al., 1995). The point 
appeared moot, however, because 
the high-affinity “glycine site” was 
thought to be saturated by ambient 
ligand— be it glycine or serine—in 
normal extracellular media and 
therefore not to participate in phasic 
intercellular signaling.
A growing body of work, includ-
ing a beautiful study in this issue of Cell 125Cell (Panatier et al., 2006), argues for 
a revision of our old textbook ideas 
about glial cells, NMDA receptors, 
and D-serine as a link between them. 
Fluorescence imaging studies from 
a number of groups indicate that 
astrocytes respond to neurotrans-
mitter not with action potentials, like 
most neurons, but with propagating 
waves of intracellular calcium ions 
thought to elicit release of “gliotrans-
mitters” such as ATP, glutamate, and 
D-serine (Haydon, 2001; Mothet et 
al., 2005). In the meantime, mount-
ing evidence indicates that the 
NMDA receptor’s glycine site often 
is not saturated under physiologi-
cal conditions (Danysz and Parsons, 
1998), and that, at some synapses, 
the endogenous ligand for the gly-
cine site is actually D-serine (Schell 
et al., 1995). A report that astrocytes 
release D-serine when stimulated by 
glutamate (Mothet et al., 2005) lends 
support to the hypothesis that glia 
may actively modulate NMDA recep-
tor-mediated transmission (Schell et 
al., 1995) and, consequently, synap-
tic plasticity.
In their new study, Panatier et 
al. (2006) address this idea in 
brain slices with electrophysiologi-
cal recordings from neurons in the 
supraoptic nucleus (SON) of the 
rat hypothalamus. This neuroen-
docrine region controls numerous 
homeostatic systems throughout 
the body. When the hormone oxy-
tocin is released in the SON during 
lactation, there is a reduction in the 
extent to which astrocytic processes , May 19, 2006 ©2006 Elsevier Inc. 639
Figure 1. Astrocytes Control Synaptic Plasticity in the Hypothalamus through the Action of D-Serine
(Left) In virgin (nonlactating) rats, astrocytes wrap tightly around glutamatergic synapses, nearly saturating NMDA receptors with the co-agonist 
D-serine (blue). (Middle) During lactation, astrocytic processes retract, diminishing D-serine occupancy and consequently decreasing NMDA recep-
tor activation. The orange dots represent neurotransmitter released from the presynaptic neuron and the red gradient represents NMDA receptor 
activity. (Right) In the neurons of the supraoptic nucleus (SON), strong synaptic stimulation elicits long-term potentiation (LTP), whereas moderate 
stimulation may cause long-term depression (LTD). Decreased D-serine occupancy during lactation increases the threshold for inducing LTP.surround excitatory synapses (Oliet 
et al., 2001). In earlier studies, Oliet 
and colleagues examined this sys-
tem from a more neurocentric per-
spective. They showed that reduced 
glial coverage during lactation per-
mits greater neurotransmitter diffu-
sion beyond the immediate vicinity 
of the synapse, enhancing gluta-
mate crosstalk between synapses 
and modulation of transmission by 
neuronal metabotropic glutamate 
receptors (Oliet et al., 2001; Piet et 
al., 2004). In the present study, they 
show that glia do more than simply 
provide background for the neuronal 
melody—astrocytes actually con-
duct the orchestra, using D-serine 
as a baton.
In virgin (nonlactating) rats, SON 
synapses are tightly wrapped by glia 
containing D-serine, which nearly 
saturates the glycine sites on synap-
tic NMDA receptors (Panatier et al., 
2006 and Figure 1, left panel). Dur-
ing lactation, when glial processes 
retreat some distance from synap-
tic contacts, occupancy of the sites 
falls dramatically (Figure 1, middle 
panel), causing a marked reduction 
in the NMDA receptor-mediated syn-
aptic response. Interestingly, extra-
synaptic NMDA receptors encounter 
similarly low D-serine levels in both 
conditions, suggesting that D-serine 640 Cell 125, May 19, 2006 ©2006 Elsevis directed preferentially toward syn-
aptic receptors.
How does this rather straightfor-
ward modulation enable astrocytes 
to dictate the dynamics of a complex 
symphony? NMDA receptors and 
postsynaptic biochemistry contribute 
to a complicated relationship between 
synaptic activity and changes in syn-
aptic strength (Bienenstock et al., 
1982; Figure 1, right panel). In order 
to conduct ions through its pore, 
the NMDA receptor requires that its 
activation by neurotransmitter coin-
cides with postsynaptic membrane 
depolarization (to relieve a volt-
age-dependent blockade of its pore 
by extracellular magnesium ions). 
When this pre- and postsynaptic 
association occurs, generous cal-
cium ion influx into the postsynaptic 
cell activates kinases that enhance 
the postsynaptic response to gluta-
mate, making the synapse stronger, 
a process referred to as long-term 
potentiation (LTP; Figure 1, right 
panel). When this association is not 
as strong, a smaller postsynaptic cal-
cium ion signal tips the biochemical 
balance in favor of phosphatases. 
This results in long-term depression 
(LTD): postsynaptic glutamate sensi-
tivity is decreased, and the synapse 
becomes weaker. (In the absence of 
any coincident postsynaptic depolari-ier Inc.zation, NMDA receptors admit very 
few calcium ions and no change in 
synaptic strength occurs.) This range 
of potential outcomes generally is 
thought to reflect different levels of 
synaptic stimulation (Bienenstock 
et al., 1982), but extrinsic modula-
tion of NMDA receptor activation can 
itself slide the scale (Cummings et al., 
1996), so that a particular pattern of 
activity that potentiates transmission 
in one condition could depress it in 
another. Panatier et al. (2006) dem-
onstrate that astrocytes in the SON 
slide the scale by adjusting D-serine 
occupancy of the NMDA receptor’s 
glycine site. During lactation, when 
NMDA receptors are poorly occu-
pied by D-serine, the threshold for 
potentiation is increased (Figure 1, 
right panel), making it more difficult 
for synapses to become stronger. 
SON synapses in lactating rats can 
be made to act like those in virgin 
rats simply by adding exogenous 
D-serine. Conversely, eliminating 
endogenous D-serine in virgin slices 
by adding D-amino acid oxidase pro-
duces the opposite effect. Making 
potentiation harder to achieve may 
favor very active synapses, like those 
communicating suckling informa-
tion to oxytocin SON neurons, while 
depressing other, potentially con-
founding inputs.
Gradually we are abandoning 
the traditional notion that neurons 
alone play the melodies of the mind, 
leaving glial cells to clean up after 
the concert. Panatier et al. (2006) 
confirm that glia contribute to the 
ensemble and even show them tak-
ing a turn conducting the orchestra. 
In many respects, the conclusions 
reached by this study constitute the 
logical confluence of previous work 
in glial biology, receptor pharmacol-
ogy, and synaptic physiology. By 
drawing these elements together so 
neatly in a relatively intact, physi-
ologically controlled system, the 
authors make one of the strong-
est arguments yet that glia actively 
participate as players within, not 
just around, functional networks in Cell multiplication requires progres-
sion through the cell cycle, during 
which the chromosomes are rep-
licated and distributed to the two 
daughter cells. Both DNA replica-
tion and chromosome segregation 
are complex processes that are best 
performed on intact chromosomes. 
Mechanisms to inhibit progression 
of the cell cycle when the chromo-
somes are damaged, termed check-
points (Hartwell and Weinert, 1989), 
may be universal to all cell types. The 
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surveillance of chromosome inthe brain. They also show that the 
corequirement of NMDA receptors 
for glutamate and D-serine enables 
them to associate neuronal and glial 
activity, a new twist on classical 
learning rules that confers a kind of 
environmental sensitivity to synap-
tic plasticity. Given that astrocytic 
processes closely appose synaptic 
contacts in many areas of the brain 
(Haydon, 2001), such neuron-glia 
duets may be a common feature of 
other networks.
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The advent of convenient techniques 
to label proteins with fluorescent tags 
and the development of high-reso-
lution microscopes have enabled 
researchers to detect the localiza-
tion of specific proteins even in small 
microbial organisms. Bejerano-Sagie 
et al. (2006) tagged the DisA protein 
and followed its movements inside 
B. subtilis cells, which are only one 
micron across. The dynamics of DisA 
(which can be viewed in the online 
movies accompanying the paper) 
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